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Novel Role for Netrins
in Regulating Epithelial Behavior
during Lung Branching Morphogenesis

glandular stage), the primordial buds give rise to the
respiratory tree [1–3]. This process requires FGFR2IIIb, a
receptor isoform expressed in the endoderm, and FGFs
made in the mesoderm. Expression of Fgf10 is highly
localized to the distal mesoderm adjacent to the tips of
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Marc Tessier-Lavigne,5 and Brigid L.M. Hogan1,*
1Department of Cell Biology
Duke University Medical Center
Durham, North Carolina 27710 developing buds, while Fgf7 is expressed more diffusely

and at lower levels early in lung development [6]. Recent2 Department of Molecular, Cellular
and Developmental Biology studies suggest that extracellular factors, such as hep-

aran sulfate proteoglycans, locally modulate FGF activ-Yale University
New Haven, Connecticut 06510 ity [7]. However, the role of other extracellular molecules,

such as Netrins, in lung branching morphogenesis has3 Department of Anatomy and Cellular Biology
Tufts University School of Medicine not been explored.

In mammals, there are three netrin genes, netrin 1,Boston, Massachusetts 02111
4 Institute for Biochemistry II netrin 3, and netrin 4, two genes encoding related pro-

teins (Netrin-G1 and -G2), and two conserved familiesUniversity of Köln
50931 Köln of transmembrane receptors. DCC (deleted in colorectal

cancer) receptors are responsible for mediating the at-Germany
5 Genetech, Inc. traction response of axons to Netrins, while UNC5 family

members, either as homodimers or heterodimers with1 DNA Way
South San Francisco, California 94080 DCC proteins, mediate repulsion [4, 5, 8–10]. Until re-

cently, functional analysis of Netrins and their receptors
has focused on the nervous system, but evidence is
emerging for in vivo roles in other organ systems, includ-Summary
ing the mammary gland and inner ear [11, 12]. Addition-
ally, in vitro assays have suggested a role for NetrinThe development of many organs, including the lung,

depends upon a process known as branching morpho- in the adhesion and migration of pancreatic epithelial
cells [13].genesis, in which a simple epithelial bud gives rise to

a complex tree-like system of tubes specialized for Previous studies on the embryonic lung localized Ne-
trin-1 protein to proximal epithelial cells and underlyingthe transport of gas or fluids. Previous studies on lung

development have highlighted a role for fibroblast smooth muscle [14], but netrin gene expression was
not examined. We therefore compared the patterns ofgrowth factors (FGFs), made by the mesodermal cells,

in promoting the proliferation, budding, and chemo- expression of netrin 1, netrin 3, and netrin 4 during lung
development by using in situ hybridization. As showntaxis of the epithelial endoderm [1–3]. Here, by using

a three-dimensional culture system, we provide evi- in Figure 1, netrin 1 and netrin 4 have very similar tran-
scription domains; RNA levels are highest in the non-dence for a novel role for Netrins, best known as axo-

nal guidance molecules [4, 5], in modulating the mor- branching proximal endoderm and in the stalk or neck
region of the flask-shaped distal buds but are excludedphogenetic response of lung endoderm to exogenous

FGFs. This effect involves inhibition of localized from the dilated region at the tips. Once the major events
of branching morphogenesis cease, netrin 1 expressionchanges in cell shape and phosphorylation of the intra-

cellular mitogen-activated protein kinase(s) (ERK1/2, decreases dramatically (Figure 1G). In contrast to the
other netrin genes, netrin 3 is transcribed throughoutfor extracellular signal-regulated kinase-1 and -2),

elicited by exogenous FGFs. The temporal and spatial the endoderm and mesoderm (Figures 1H and S1D [in
the Supplemental Data available with this paper online]).expression of netrin 1, netrin 4, and Unc5b genes and

the localization of Netrin-4 protein in vivo suggest a Among the classical Netrin receptors, DCC is localized
at E11.5 to the basal-lateral membrane of proximal en-model in which Netrins in the basal lamina locally mod-
doderm and to the apical surface of distal epitheliumulate and fine-tune the outgrowth and shape of emer-
(Figures 1K and 1L). Neogenin and Unc5c (rcm) are ex-gent epithelial buds.
pressed exclusively in the mesoderm at E13.5 (Figure
S1, Supplemental Data). No transcripts for Unc5a andResults and Discussion
Unc5d could be detected in either the mesoderm or
endoderm, but Unc5b is clearly transcribed in both theseThe branching morphogenesis of the mouse lung starts
cell populations in the distal lung (Figures 1M and 1Nat embryonic day (E)9.5 (E9.5), when two primordial buds
and data not shown). Thus, both DCC and Unc5b arecomposed of an inner endodermal epithelium and an
expressed in lung epithelial cells and available to trans-outer mesenchymal jacket appear in the ventral-lateral
duce Netrin signals during branching morphogenesis.wall of the foregut. Between E9.5 and E16.5 (the pseudo-

As mentioned above, Netrin-1 protein was localized
to the epithelial cells and underlying smooth muscle of*Correspondence: b.hogan@cellbio.duke.edu
embryonic mouse lung [14]. To localize Netrin-4 protein,6 Present address: Ben May Institute for Cancer Research, University

of Chicago, Chicago, IL 60637. we carried out immunohistochemistry with E13.5 lung
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Figure 1. Spatial and Temporal Expression of Genes Encoding Netrins and Their Receptors during Lung Branching Morphogenesis

(A)–(F), (H)–(J), and (M) are the results of whole mount and (G and N) radioactive section in situ hybridization. netrin 1 is expressed at E10.5
(A), continues at E11.5 (B and C), E12.5 (D and E), and E13.5 (F) but dramatically declines by E15.5 (G). Transcripts are present in the proximal
epithelium and enriched in the stalks of buds but are excluded from the dilated distal tips (arrows in [B], [C], and [E]). (C) and (E) are enlargements
of (B) and (D), respectively. Discrete regions of distal mesoderm in the right accessory and medial lobes also show netrin 1 expression
(arrowheads in [B], [C], and [E]). (H) netrin 3 is expressed diffusely at low levels throughout the lung endoderm and mesoderm at E11.5. netrin
4 is expressed in proximal, but not distal, endoderm (arrows) at E11.5 (I) and E12.5 (J). (K and L) At E11.5, whole-mount immunohistochemistry
localized DCC basally in the proximal endoderm (arrows) and apically in distal epithelium at the tips of buds (arrowhead in [L]). (K) and (L)
correspond to the approximate positions of the pink and yellow squares in (B). (M and N) Unc5b transcripts are present in distal endoderm
(arrows) and mesenchyme, but not in proximal endoderm (arrowhead) at E12.5 (M) and E13.5 (N). Inset in (M) shows that Unc5b is expressed
in distal tip and neck region of endoderm. Scale bar � 100 �m.

by using two different affinity-purfied antisera. Since are seen (Figure S3A and see reference [7]). Strikingly,
when 10–50 �g/ml recombinant mouse or human Netrin-4both gave similar results, only one is shown in Figure

2. Netrin-4 is deposited in the basement membrane of is added to the Matrigel with the lower concentrations of
FGF7, all the samples examined at 48 hr have a smooththe proximal endoderm and stalk regions, where it colo-

calizes with perlecan but is absent from around the distal surface with no secondary buds (Figure 3B). Signifi-
cantly, the same effect is achieved by using a truncatedtips of the buds. Together with the in situ hybridization

results, these data suggest that Netrin-4 is produced by form of Netrin-4 lacking the C domain (N4delC, Figure
3C). This domain may mediate dimerization of Netrin-4the endoderm and is incorporated into the subjacent

basal lamina. There is no evidence for localization of [9]; in Netrin-1, the C domain appears to mediate binding
to matrix and integrins [13]. A similar suppression ofthe protein in the surrounding mesenchyme.

To study the response of lung epithelium to Netrins, budding is seen with recombinant chicken and mouse
Netrin-1 (Figure 3D). However, a higher concentrationwe used an in vitro culture system in which mesen-

chyme-free distal epithelium is cultured in Matrigel in (50 �g/ml) is needed to achieve this inhibition compared
with Netrin-4. The effect of added Netrin is better under-serum-free medium with FGF7 [6, 7, 15]. Within several

hours of being placed in culture, the epithelium forms stood when followed by time-lapse microscopy. In con-
trol samples, secondary buds first appear on the surfacea vesicle with the apical cell surfaces facing the inner

lumen (Figures 3 and S2A and Movie 1). After about 48 of the endoderm at around 20 hr and extend to an aver-
age length of about 60 �m over the next 24 hr (Figureshr, control samples incubated with 30 ng/ml FGF7 show

numerous secondary buds on the surface (Figure 3A). 3G–3L). By contrast, if 50 �g/ml exogenous Netrin-4 is
added, clusters of cells form localized “knobs” proj-Paradoxically, higher concentrations of FGF7 (e.g.,

1 �g/ml) have a different effect, in that few or no buds ecting into the lumen of the cyst rather than buds ex-
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Figure 2. Netrin-4 Is Expressed in the Basement Membrane of Proximal, but Not Distal, Lung Endoderm

Sections of E13.5 mouse lung were incubated with Netrin-4 and Perlecan primary antibodies. Digital images were then deconvolved. They
demonstrate that Netrin-4 ([A], red) is colocalized to the basement membrane with Perlecan ([B], green) in the proximal region of the developing
airway (yellow to orange in [C], overlay). In the distal bud regions (arrowheads), Netrin-4 protein is absent, while Perlecan is present. This is
shown more clearly in the higher power images of the top right terminal bud in the bottom panels. Scale bar is 40 �m for upper panels and
20 �m for lower panels.

tending from the surface (Figures 3M–3R and see Movie is not mimicked by adding either 50-200 �g/ml soluble
mouse Laminin or 50 �g/ml recombinant mouse Netrin-1). These knobs later mostly disappear as the cells be-

come incorporated into the epithelium of the cyst. Analy- G1a, neither of which is thought to bind to DCC and
UNC5 [10] (Figures 3E and 3F). Immunohistochemicalsis of the internalized cells by confocal microscopy

shows that most of them retain their epithelial phenotype assays using antibody to phosphorylated Histone H3
to monitor cell proliferation and antibody to cleavedand express the junctional protein ZO-1 on the surface

facing the lumen (see Figure S2). Caspase-3 to stain apoptotic cells both failed to show
any significant differences between control and Netrin-Previous studies in 3D (Matrigel) culture have shown

that the response of lung endoderm to 30–1000 ng/ml treated samples (Figures 4A–4C and data not shown).
The conclusion that Netrin is not functioning in this sys-FGF10 is different from that to FGF7; fewer buds are

formed and they are thinner and longer (on average tem as a mitogen or survival factor is further strength-
ened by the following observation. Endoderm in 3D Ma-about 100 �m long after 48 hr [15]. As shown in Figures

S3C and S3D, 50 �g/ml exogenous Netrin-4 significantly trigel cultures containing exogenous Netrin cannot
survive without FGFs, nor do endoderm cultures appearreduces the number of elongated buds in the presence

of FGF10. healthier than control cultures when 5 ng/ml FGF7,
which is the minimum concentration for survival, is pres-Experiments were carried out to test the specificity

and mechanism of action of exogenous Netrin-4 (or 50 ent in the medium (data not shown). Other experiments
have determined that four marker genes—Pea3, surfac-�g/ml exogenous Netrin-1) on endoderm cultured under

standard conditions in Matrigel with 30 ng/ml FGF7. tant protein C (Sftpc), Bmp4, and Sox9—are preferen-
tially active in distal, compared with proximal, lung endo-First, the effect is reversible; if samples treated with

Netrin for 40 hr are reembedded in fresh Matrigel with derm. Moreover, they are upregulated in vitro by added
FGF7 [15, 16]. Expression of these markers was notFGF7 alone, numerous buds subsequently appear on

the surface (Figures 3S–3V). Second, the effect of Netrin changed by exogenous Netrins, even when the budding
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Figure 3. Morphological Response of Cultured Endodermal Epithelium to Exogenous FGF7 and Netrins

(A–F) DIC images of isolated endoderm after 40 hr culture in control Matrigel (A) or Matrigel containing 50 �g/ml full-length Netrin-4 (B),
C-terminal truncated N4delC (C), Netrin-1 (D), Laminin (E), or Netrin-G1a (F). Note the presence of numerous secondary buds in (A), (E), and
(F) but not in (B), (C), and (D). Arrow in (B) indicates a knob of cells inside the cyst. (G–R) Selected time-lapse images of endoderm cultured
without (G–L) or with 50 �g/ml Netrin-4 (M–R). For the complete sequence see Movies in the Supplemental Data. Note the numerous secondary
buds that form at the surface of control samples, while knobs of cells form inside of cyst in samples cultured with Netrin-4. As growth
proceeds, the internal cells are incorporated into the surface epithelium (arrows in [Q] and [R]). (S–V) The morphological changes induced by
Netrin-4 are reversible. After 40 hr culture in the presence of Netrin-4 (S and U), the endoderm is transferred to new Matrigel with FGF7, but
without netrin. 24 hr later, numerous secondary buds formed in control gel (T), but not in gel containing Netrin-4 (V). All cultures are supplemented
with 30 ng/ml FGF7. Scale bar � 100 �m.

response was strongly inhibited (see Figure S4). Unc5b exogenous Netrins could act is by inhibiting the changes
in cell shape and/or MAP kinase activity associated withcontinues to be expressed in the epithelium of Netrin-

treated samples even though the normal sites of highest bud initiation. Studies in other systems have demon-
strated that phosphorylation of intracellular ERK1/2 isgene expression, the secondary buds, are absent (Fig-

ure 4). Finally, functional blocking antibody to DCC (AF5; associated with changes in actin binding proteins and
cell adhesion molecules and is required for branching5 �g/ml) did not block the budding in response to FGF7

or the inhibition of budding by added Netrin (see Figure morphogenesis of uretic buds [17, 18]. We therefore
used confocal microscopy to correlate cell morphologyS5). These observations suggest that the response to

exogenous Netrin is mediated by Unc5b rather than and MAP kinase activity in lung buds in vivo and in vitro.
In vitro, endoderm cells in nonbudding areas are orga-by DCC, although a role for integrins [13] cannot be

excluded. nized into either cuboidal or pseudostratified layers and
have a centrally located nucleus (Figures 4H and 4I). ByWith effects on cell proliferation, survival, and differ-

entiation ruled out, the most likely mechanism by which contrast, cells at the tips of FGF7-induced buds are
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Figure 4. Cell Proliferation, Unc5b Expression, and Cell Shape Change after Exogenous Netrin Treatment

(A–C) Cell proliferation in control (A) and Netrin-1-treated endoderm (B) or Netrin-4-treated (C) endoderm is estimated by double labeling with
antibody to phospho-Histone H3 (red), and Alexa Fluor 488 phalloidin (green), which labels filamentous actin.
(D–F) Expression of Unc5b in control (D) and Netrin-1-treated (E) or Netrin-4-treated (F) endoderm examined by whole-mount in situ hybridization.
Inset in (D) shows elevated expression in secondary buds.
(G–L) Cell shape visualized by double labeling with Alexa Fluor 488 phalloidin (green) and propidium iodide (red). (G–J) In control endoderm,
epithelial cells in nonbudding areas are arranged in either a cuboidal ([H], corresponding to approximately the green square in [G]) or
pseudostratified layer ([I], blue square in [G]). (J) In the secondary bud (pink square in [G]), cells have an elongated wedge shape and basally
localized nuclei. (K and L) In Netrin-4-treated samples, cells in the internal knobs have an irregular shape (L). Scale bar � 100 �m for (A–G)
and (K), 10 �m for other panels.

wedge shaped, with their nuclei located basally (Figure 5F). By contrast, phosphoAkt, another downstream tar-
get of FGF, does not appear to be differentially distrib-4J). Immunohistochemistry reveals that these cells con-

tain significantly higher levels of phosphoERK1/2 than uted between bud and interbud zones (data not shown).
The localization of higher phosphoERK1/2 activity in thecells in the interbud zones relative to total ERK1/2 pro-

teins, which are evenly distributed (Figures 5A, 5D, and tips of the buds is particularly clear in samples grown in
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Figure 5. Distribution of PhosphoERK1/2 in Control and Netrin-Treated Endoderm and E11.5 Lung

ERK1/2 activity is assayed by whole mount immunohistochemistry by using antibody specific for phosphorylated forms of the protein. (A–E)
endoderm cultured in Matrigel and 30 ng/ml FGF7 either without (A and D) or with 50 �g/ml Netrin-1 (B) or Netrin-4 (C and E). Note the elevated
levels of phosphoERK1/2 in the secondary buds (A and D) but more uniform distribution in Netrin-treated samples (B, C, and E). The focal
plane is through the lumen of the cysts in (C) and (I) and near the surface for (A, B, D–F, and H). Inset in (E) shows absence of phosphoERK1/2
in the internalized knobs in Netrin-4-treated samples. (F) Total ERK1/2 is distributed uniformly among budding and interbudding zone. (G)
Western blot analysis shows that the relative level of phosphoERK1/2 is decreased in Netrin-4-treated samples. (H and I) In control samples
cultured with 250 ng/ml FGF10, localized phosphoERK1/2 is restricted to the tips of elongated secondary buds (H), while Netrin-4-treated
endoderm shows a uniform, low level of phosphoERK1/2 activity (I). (J–O) PhosphoERK1/2 activity in normal E11.5 lung. Note that highest
ERK1/2 activity is localized to the distal tip of endodermal buds, and initiating buds shows higher phosphoERK than elongating buds (compare
arrow and arrowhead in [K]). (L–O) When labeled together with TOTO-3 (blue, to visualize nuclei) and Alexa Fluor 488 phalloidin (green), a
sharp boundary is seen between epithelial cells in the dilated distal tip of buds, which show high ERK1/2 activity (red), and the stalk region
showing low levels. (M), (N), and (O) correspond to the blue, pink, and white squares in (L), respectively. Scale bar � 100 �m for (A)–(I), 20
�m for (J)–(L), and 10 �m for (M)–(O).

the presence of FGF10 (Figure 5H). A similar correlation microscopy reveals a sharp boundary between the
mostly wedge-shaped cells with strong phosphoERKbetween phosphoERK activity and epithelial cell mor-

phology is also detected in vivo, for example, in the tips staining in the distal tip of the bud and the predominantly
pseudostratisfied epithelial cells in the “neck” of theof newly formed lateral buds in the E11.5 lung. Confocal
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flask-shaped bud, which have much lower activity (Fig-
ures 5J–5O). Interestingly, analysis of endoderm sam-
ples cultured in Matrigel with high concentrations of
FGF7 (1 �g/ml) show a uniform distribution of strong
phosphoERK staining throughout the epithelium, even
though buds do not form (see Figures S3A, S3E, and
S3F). This raises the possibility that a differential distri-
bution of phosphoERK protein between cells in the tips
and stalks is required for bud morphogenesis and out-
growth.

Two indirect lines of evidence support a role for FGF/
MAP kinase pathway activity in lung epithelial budding
morphogenesis. First, transfection of a bronchial epithe-
lial cell line in vitro with a plasmid encoding activated
Ras promotes a significant change in cell shape so that
cells are more spread and have prominent lamellipodia
(Figures S6A and S6B). Second, the inhibitor U0126,
which blocks MEK1 (MAP kinase kinase) activity, inhibits
budding in response to FGF7 (Figures S6C and S6D).

Confocal microscopy of endoderm samples cultured
in Matrigel with both Netrin and 30 ng/ml FGF7 shows
that nearly all the cells have centrally located nuclei,
and localized peaks of very strong MAP kinase activity
are absent. Rather, the level of phosphoERK1/2 is rela-
tively uniform throughout the epithelium (Figures 5B, 5C,
and 5E). Moreover, internal cells lack phosphoERK1/2
staining. Western blotting of extracts of treated and con-
trol endoderm samples confirms the overall lower level

Figure 6. A Model for the Possible Roles Played by Netrins duringof phosphorylated ERK seen in Netrin-treated samples
Lung Epithelial Branching Morphogenesisby immunohistochemistry (Figure 5G). These results
(A) Netrin-1 and -4 made by epithelial cells are deposited at thesuggest a model in which Netrin inhibits bud morpho-
basement membrane and/or bind locally to epithelial cells at the

genesis in vitro by acting through its receptor(s) in the neck region of elongating endoderm buds. Here they act through
endoderm to block the formation of local peaks of phos- Unc5b or an unknown receptor to decrease the local ERK1/2 activity
phoERK1/2 activities that normally drive bud initiation in the endoderm, thus facilitating the outgrowth of buds toward

the source of FGF10 in the mesoderm, as well as preventing theand/or outgrowth.
generation of ectopic buds. According to this model, the basal lam-Taken together with the localization of Netrin RNA and
ina plus Netrins acts as a kind of sleeve or “corset,” restricting theprotein during lung development, these in vitro results
morphogenesis of the emerging bud.

suggest the following model for the role of Netrins during (B) Our in vitro assays in which endoderm is surrounded by basal
early branching morphogenesis. A bud is initiated in lamina components in the Matrigel mimic the effect of localized,
response to a localized concentration of FGF10 in the ectopic Netrins at the distal tip, thus preventing bud outgrowth. In

contrast, some cells accumulate at the inside of the lumen and formmesoderm, probably stabilized by extracellular sulfated
internal knobs.proteoglycans, which activate ERK1/2 as part of the

downstream signaling cascade. In response to the dif-
ferential distribution of MAP kinase activity, buds elon-

phenotype at the same stage. These results suggestgate and move away from the original stem. Netrin-1
that there is a high degree of functional redundancyand -4, secreted by the epithelial cells in the proximal
among the various Netrins and receptors. Deletion oflung and base and necks of buds, are deposited locally
multiple netrin genes, possibly on a sensitized mutantin the basal lamina underlying the cells. Here, they act,
background such as heterozygosity for Fgf10 or in com-possibly through Unc5b, to inhibit ERK kinase and thus
bination with mutations in genes encoding other guid-prevent ectopic budding and fine-tune the size and
ance molecules such as Slit2 [27, 28], will be requiredshape of emerging buds (Figure 6A). In support of this
for the manifestation of a branching phenotype. Thesehypothesis, activation of Unc5b during axonal guidance
possibilities are under investigation.decreases ERK1/2 activity (E.S., unpublished data).

However, at this time we cannot rule out the involvement Experimental Procedures
of other receptor(s).

One prediction of this model is that early branching Mouse Strains and Breeding
Lungs were dissected from ICR mice at E11.5 (noon on the day ofmorphogenesis should be abnormal in lungs lacking
plug is E0.5) and processed for in situ hybridization, immunohisto-genes encoding Netrins or Netrin receptors. We there-
chemistry, or in vitro culture as described [19]. The Bmp4-lacZ re-fore examined lungs of embryos homozygous for a
porter mouse line has been described [19].strong hypomorphic allele of netrin 1 and a null allele

Mice heterozygous for netrin 1(Ntn 1Gt(pGT1.8TM)629Ecs), netrin 4, and
of netrin 4. However, at E11.5–E13.5 no significant differ- Dcc were maintained by interbreeding. Genotyping of the netrin 1
ence in lung morphology was seen between any geno- and Dcc locus was performed as described [20, 21]. PCR primers

5�-AGCAGCCTTTAAACATCCTGAG-3� and 5�-CAAATGTGTCAGTTtypes. Similarly, Dcc�/� mutants showed no obvious
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TCATAGCC-3� were used for the genotyping of the netrin 4 locus. 0.3 �g/ml propidium iodide (Sigma) and the images collected by
using Zeiss LSM 510 confocal microscopy.For netrin 1�/� lungs, 4, 12, and 4 examples were examined at E11.5,

E12.5, and E13.5, respectively. For netrin 4�/� lungs, 4 and 5 samples Immunoblotting was performed by using endoderm samples
grown with 300 ng/ml FGF7 in control Matrigel and Matrigel mixedwere examined at E11.5 and E12.5, respectively. For Dcc�/� lungs,

4 and 6 examples were examined at E12.5 and E13.5, respectively. with 50 �g/ml rNetrin-4. Protein extracts of 30 endoderm samples
were loaded on each lane and antibodies to total ERK (Sigma) and
PhosphoERK (Cell signaling) were used at 1:10,000 and 1:500, re-In Situ Hybridization
spectively. This experiment was repeated three times.Whole-mount in situ hybridization was performed by using digoxy-

Staining for �-galactosidase activity was performed as de-genin-labeled antisense RNA probes as described [15]. The probes
scribed [15].for netrin 1, netrin 3, Unc5a, Unc5b, Unc5d, and neogenin have

been described [20–24]. The netrin 4 [25] and Unc5c [24] probes
Transfection of Bronchial Epithelial Cellswere kindly provided by Dr. Joshua R. Sanes and Dr. Susan Acker-
with Activated Rasman, respectively. At least three samples were examined for each
The human bronchial epithelial cell line 16HBE14o- was culturedprobe.
as described [29]. The cells were transfected either with MIGR1-Radioactive section in situ hybridization was performed as de-
RasL61, which expresses an activated form of Ras [30], or vectorscribed by using S35-labeled RNA probes [6].
control by using TransIt-LT-1 transfection reagent (Mirus). The mor-
phology of the cells was examined after 36 hr, and the cells express-Lung Endoderm Culture
ing the transfected gene were identified by a GFP marker that isMesenchyme-free distal lung endoderm was isolated as described
coexpressed via an IRES site in the vector. The 16HBE14o- cellsand cultured in Matrigel in serum-free medium consisting of Ham’s
and MIGR1-RasL61 construct were kindly provided by Drs. MarkF12:DMEM 50:50, 1% BSA, and 2 mM glutamine [15]. The medium
Abe and Akira Imamoto (University of Chicago), respectively.was supplemented with FGF7 (R&D Systems) or FGF10 (kindly pro-

vided by Dr. N. Itoh, Kyoto University) at the concentrations indi-
Supplemental Datacated. In some experiments, 50 �g/ml recombinant chicken or
Supplemental Data including five figures and two movies are avail-mouse Netrin-1, mouse or human Netrin-4, mouse Netrin G1a (R&D
able at http://www.current-biology.com/cgi/content/full/14/10/Systems), or Laminin (Sigma) was mixed with the Matrigel. The
897/DC1/.abilities of full-length rNetrin-1 and rNetrin-4 to bind Unc5b have

been assayed by the manufacturer. rN4delC, a truncated Netrin-4
Acknowledgmentslacking the C domain was mixed in both the Matrigel and medium

at 50 �g/ml. Mouse monoclonal antibodies against DCC (AF5, Onco-
We thank Dr. Fan Wang for helpful discussions, Haiyan Jiang forgene) were included at 5 �g/ml, in both the Matrigel and the culture
technical assistance, and many people who provided in situ hybrid-medium. The MEK inhibitor, U0126 (Promega), was used at 10 �M.
ization probes. We thank Drs. Mark Abe, Akira Imamoto, and MarshaFollowing incubation at 37�C and 5% CO2/95% air for 40 hr, the
R. Rosner (University of Chicago) for their help with testing theendoderm was released from Matrigel by matrisperse treatment (BD
effect of expressing RasL61 in lung epithelial cells. This work wasBioscience) [15] and processed for in situ hybridization or antibody
supported by the National Institutes of Health grant NS 039502 tostaining. Each culture condition was repeated at least three times
W.J.B. and HL71303-11 to B.L.M.H. M.T.-L. declares a competingwith about ten endoderm samples per experiment.
financial interest (see Supplemental Data for more information).The time-lapse movies were made on a fully motorized Zeiss

Axiovert 200 equipped with “cell observer” environmental control
system (featuring independent control of specimen temperature, Received: January 21, 2004
microscope temperature, specimen CO2%, and humidity). DIC im- Revised: March 23, 2004
ages were repeatedly collected at indicated times under lowest Accepted: March 24, 2004
possible lighting levels, consistent with obtaining a good-quality Published: May 25, 2004
digital image at the expense of 2 � 2 pixel binning and elevated
camera gain. Metamorph v6.1 (Universal Imaging. Inc.) was used to References
acquire and edit images through the multidimentional acqusition/
review dialogs, and 12 bit raw tiff format images were exported into 1. Hogan, B.L. (1999). Morphogenesis. Cell 96, 225–233.
Quicktime and AVI movies. 2. Warburton, D., Schwarz, M., Tefft, D., Flores-Delgado, G., An-

derson, K.D., and Cardoso, W.V. (2000). The molecular basis of
lung morphogenesis. Mech. Dev. 92, 55–81.Immunohistochemistry, Immunoblotting, and Staining
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Figure S1. Expression of Genes Encoding Netrin and Receptors in
Embryonic Lungs

Section in situ hybridizations show that at E13.5, neogenin (A), and
Unc5c (B) are expressed predominantly in the mesoderm, while
netrin 1 (C) is expressed exclusively in the endoderm and netrin 3
(D) is expressed at low levels in endoderm and mesoderm. Scale
bar � 100 �m.

Figure S2. Epithelial Cell Polarity in Control
and Netrin-Treated Endoderm

(A–C) Whole-mount antibody staining with
the apical marker ZO-1 followed by confocal
microscopy shows that the apical side of the
epithelium is facing the lumen in control (A)
as well as Netrin-1-treated (B) and Netrin-4-
treated (C) endoderm cultures. Note some of
the internalized cells in Netrin-4-treated cells
lose ZO-1 staining. Dotted line shows outline
of the basal surface of epithelium.
(D–F) Double labeling with Alexa Fluor 488
phalloidin to visualize the outline of the cells.
Scale bar � 100 �m.
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Figure S3. Morphological Response of Cultured Endoderm toward
1 �g/ml FGF7, FGF10, and Netrin-4

(A and B) When the medium is supplemented with very high concen-
trations of FGF7 (1 �g/ml), both control and Netrin-4-treated endo-
derm form cysts with a smooth surface and few secondary buds.
Internalized groups of cells were frequently observed in control
samples, as well as with Netrin.
(C and D) When grown with 50–1000 ng/ml FGF10, the endoderm
forms elongated buds in control gel (on average 6.16 buds per
sample, n � 34) but form a significantly reduced number of buds
in the presence of Netrin-4 (on average 0.3 buds per sample,
n � 50).
(E and F) When endoderm is grown with 1 �g/ml FGF7, the distribu-
tion of phosphoERK1/2 is relatively uniform (E). The level of phos-
phoERK1/2 is higher in endoderm grown in 1 �g/ml FGF7 than the
buds grown with 30 ng/ml FGF7, while the amount of total ERK1/2
is the same (F). Scale bar � 100 �m.
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Figure S4. Expression of Distal-Specific Genes after Netrin Treatment

Expression of distal-specific genes Pea3 (A–C), Sftpc (D–F), Bmp4-lacZ (G–I), and Sox9 (J–L) in control (A, D, G, and J) and Netrin-1-treated
(B, E, H, and K) or Netrin-4-treated (C, F, I, and L) endoderm. (A)–(C) show whole-mount in situ hybridization with an antisense Pea3 RNA
probe, while (D–F) and (J–L) show whole-mount immunohistochemistry with an antibody against Sftpc or Sox9. A Bmp4-lacZ reporter line
was used to visualize the expression of Bmp4 (G–I). Scale bar � 100 �m.
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Figure S5. The Effect of DCC Blocking Antibody, AF5

(A–D) When 5 �g/ml AF5 is present in the culture medium, the
endoderm cyst is less expanded (B) than in control samples (A) but
still forms secondary buds. When 50 �g/ml Netrin-1 (C) or 20 �g/
ml Netrin-4 (D) is mixed in the Matrigel, the endoderm cysts fail to
form secondary buds in the presence of AF5.

Figure S6. Evidence that the FGF/MAP Kinase Signaling Pathway
Regulates Lung Epithelial Cell Morphogenesis

(A and B) Transfection of a human bronchial epithelial cell line with
DNA encoding an activated form of Ras (H-RasL61) (B) changes cell
morphology compared with vector control (A).
(C and D) 10 �M U0126, a MEK inhibitor, inhibits the formation of
secondary buds in the presence of 30 ng/ml FGF7. Scale bar � 6�m
for (A) and (B) and 60�m for (C) and (D).
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